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Summary 
Phosphoglucose isomerase (P*I), an important enzyme in the glycolytic pathway, 
catalyzes the conversion of glucose-6-phosphate to fructose-6-phosphate and vice versa. The 
purpose of this research was to isolate P*I from cauliflower using a shortened procedure through 
column chromatography and characterize it through absorbance readings, enzyme activity 
measurements, and SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). 
P*I was successfully isolated from cauliflower using ion-exchange chromatography. 
Absorbance and enzyme activity were determined at 280nm and 340nm respectively. There 
appeared to be one main absorbance peak for the protein at fraction 31, as well as a maximum 
peak for enzyme activity. SDS-PAGE was conducted in order to estimate the purity and 
molecular weight of the purified protein. Results showed that the final protein extract had been 
purified more than the initial crude extract. However, it was difficult to read the bands of the 
standard lane in the gel. As a result, it was not possible to determine the molecular weight of the 
protein bands in the sample. 
Introduction 
Enzymes 
Enzymes are a vitally important part of any living system. They are unique proteins that 
work as catalysts to speed up reactions in living organisms. They have an optimal temperature 
and pH level at which they function best. Without enzymes, reactions that normally occur in a 
few milliseconds would take minutes or even hours to complete. Imagine a field of com that 
needs harvesting. A farmer could harvest the com by hand, but that could take a week of hard 
work. The com could also be harvested with the aid of machinery in a much shorter amount of 
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time. Enzymes can be compared to this machinery. They help speed up and control countless 
reactions in living organisms. 
Specificity of enzymes 
Amino acids are the basic building blocks of proteins. The conformation of amino acids 
is what gives a protein its specific shape. A given enzyme will always be specific for a given 
reaction. The molecule that the enzyme acts upon is known as the substrate while the area of the 
enzyme that the substrate binds to is known as the active site. An early hypothesis viewed an 
enzyme and its substrate as a "lock and key". For a long time scientists believed that the 
substrate (key) would bind to the active site of the enzyme (lock) in order to produce a chemical 
reaction. Though this "Oock and key" hypothesis helps explain the specificity of an enzyme, it is 
not a realistic explanation of how an enzyme and substrate bind. Scientists today believe in the 
"Induced Fit" hypothesis. This theory states that the conformation of an enzyme's active site is 
changed when a substrate binds in order to produce a better fit between substrate and active site.1 
Isoenzymes 
Sometimes enzymes come in the form of isoenzymes or isozymes. lsoenzymes have 
amino acid sequences that differ slightly from each other, but they still catalyze the same 
reaction. For example, the liver enzyme alcohol dehyrogenase exists in the form of two 
isoenzymes. Each isoenzyme differs by approximately six amino acids, but they both are able to 
help the body metabolize ethanol. 2 
Overview of Cellular Respiration 
Enzymes are needed in any living system in order for that system to obtain energy. For 
example, in the complex process of digestion the human body does not gain energy simply from 
ingesting food. Consumed food must be broken down on a cellular level in order to produce 
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energy. Energy is stored in the phosphate bonds of the molecule adenosine triphosphate (ATP). 
Figure 1 gives the chemical structure of ATP. 
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Figure 1. Chemical structure of ATP. 
It is these high energy bonds that power a cell to perform various metabolic functions. On a 
cellular level, a process in the cytoplasm of a cell called glycolysis breaks down one molecule of 
glucose into two molecules of pyruvate. Pyruvate is then able to feed into a series of reactions 
known as the Krebs cycle. Products from the Krebs cycle contribute to the electron transport 
system located in the mitochondrial membrane. The electron transport system contains a series 
of proteins embedded in the mitochondrial membrane that shuttle electrons removed from Krebs 
cycle products through a sequence of energy-releasing steps. ATP and water are byproducts of 
the electron transport system. Though some ATP is produced during glycolysis and the Kreb's 
cycle the majority of ATP produced in a cell comes from the electron transport system. All of 
these processes combined are known as cellular respiration. Figure 2 shows the major steps of 
cellular respiration. 
Glucose Cellular Respiration .... 
2ATP 2ATP 34ATP 
Figure 2. Flow~chart showing the major steps and products of cellular respiration. Figure taken 
from http://www.tea.state.tx.us/student.assessment/resources/online/eoc00/biology/p24no34.gif. 
Accessed April 9, 2007. 
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Glycolysis 
Glycolysis is a major part of cellular metabolism, but it can not occur without the 
assistance of enzymes to produce the ten reactions needed to break down glucose into pyruvic 
acid. Figure 3 shows the pathway of glycolysis. Enzymes that are needed to catalyze each 
reaction are denoted in bold letters above the arrows. 
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Figure 3. Glycolysis pathway. Figure taken from http://www.bio.davidson.edu/Courses/Molbio/ 
Mo1Students/spring2005/Gemberling/2Jpg. Accessed AprillO, 2007. 
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Phosphoglucose isomerase 
Phosphoglucose isomerase (PGI) was one of the first enzymes discovered for the 
glycolytic pathway. However, it has not been as fully investigated as some of the other enzymes 
in this pathway. 5 PGI is the second enzyme needed in glycolysis and it converts glucose-6-
phosphate into fructose-6-phosphate.1 Figure 4 shows this conversion. 
CH20P03-::i! 
Glucose-6-
phosphate 
~ho sphoglu.c o-
1some:rase kT~~:H 
~H 
OH 
Fructose-6-
phosphate 
Figure 4. Conversion of glucose-6-phosphate to fructose-6-phosphate. 
PGI was initially isolated in rabbit muscle in the 1960s. 3 Since then it has been isolated and 
studied in bacteria 4 and a number of animal sources including, pigs5, humans6, fish 7, and sea 
anenomes8• 
Information on PGI in plant sources is very limited; there simply has not been that much 
research conducted on this enzyme in plants. The enzyme has been isolated and studied in plant 
sources such as the wild flower genus Clarkia (Onagraceae)9, peas10, spinach, and sunflowersu. 
Another study involving banana PGI found that it had two isoenzymes. These isoenzymes were 
similar in mass, but differed in their ability to withstand heat. 12 Scientists have been able to 
isolate PGI from peas although the procedure is quite lengthy. PGI exists as a dimmer which 
means that it is made up of two protein subunits. 10 Some physical properties of pea PGI 
include a molecular weight of 110,000 g/mol and a molecular weight of 61,000 g/mol for each 
subunit, respectively. 
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Purpose 
Because extraction and isolation of PGI can be quite an extensive procedure this research 
sought to shorten the entire isolation process. The research procedure was adapted and shortened 
from a previous pea PGI extraction. 1° Cauliflower was chosen because of its cheap price and 
availability. In addition, this research provided the opportunity to better study this important 
enzyme in cauliflower and learn more of its properties through the use of chromatography, 
spectroscopy, and electrophoresis. The researcher was also able to learn and practice a variety of 
biochemical laboratory techniques. 
Purification and separation of proteins 
When working with proteins in a laboratory setting it is important to keep protein 
samples under optimal conditions as much as possible. This includes proper pH and 
temperature. In order to maintain the proper pH levels experiments involving proteins are 
performed in buffered aqueous solutions. Most biomolecules have an optimal pH of 6 - 8. 13 
There are a variety of ways to purify and separate proteins. Centrifugation is often 
necessary in order to separate the sample from other cell parts. The high speed of rotation wiJl 
cause sedimentation of cell organelles or particles based on size, density, and mass.13 Because 
enzymes are sensitive to temperature most high speed centrifuges allow the operator to set a 
desired temperature in order to keep the enzymes in a stable state. Further purification is often 
needed and the most common way of isolation involves a process called chromatography. 
Chromatography involves a mobile phase (often a gas or a liquid) and a stationary phase 
(often a solid or liquid) that the solute (sample) interacts with. The mobile phase moves the 
solute through the stationary phase or sorbent. Because the solute may contain different 
molecules it may move through the liquid and stationary phases at different speeds depending on 
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a particular molecule's affinity for the stationary phase. Eventually all the molecules are eluted 
from the chromatography system.13 Figure 5 illustrates how different molecules move through a 
column with increasing time. 
/ 
I 
\ 
Figure 5. Elution of sample with increasing time. Figure taken from http://matcmadison.edu/ 
biotechlresources/proteins/labManual/images /220 _ 04 _ 026.gif. Accessed April 9, 2007. 
There are a variety of chromatographic techniques. However, this research project used 
the method of ion-exchange column chromatography. An ion is a molecule or atom that is 
charged. Ions that have a positive charge are called cations, while negatively charged ions are 
called anions. A glass column is filled with a gel made up of tiny beads that hold either a 
negative charge or a positive charge. The solute is the added and allowed to pass through the 
column. Since proteins are usually charged molecules they will be attracted to either anions or 
cations in the gel and may leave the column more slowly than other particles. The eluted liquid 
is collected in small amounts called fractions. Several of the fractions will contain the eluted 
protein. A common sorbent for purifying proteins is the anion-exchanger DEAE-Sephadex. It 
Shrestha 8 
initially comes in a powdered form and must be soaked in buffer solution in order to form a gel. 
The gel is composed of tiny beads made from the polymer dextrin which acts as a solid support 
for attached molecules of diethylaminoethyl (DEAE). DEAE is positively charged and is 
balanced by a counter ion such as cr that can be found in buffer solution. When the protein 
solution to be purified is run through the column the negatively charged proteins will displace cr 
ions and become attached to the gel. Further addition of a salt-containing buffer solution will 
displace the anionic proteins and balance DEAE with a different anion. The specific protein 
under study will then be eluted and collected in a :fraction.14 
Next, the fraction(s) containing the protein must be found. The use of an instrument 
called a spectrophotometer is used to determine which fractions contain the highest amount of 
protein. A small sample of a fraction is placed inside the instrument and bombarded with 
photons of light of a specific wavelength. Fractions containing higher amounts of the protein 
will absorb light energy and give a higher absorbance value than fractions that do not contain the 
protein.13 Figure 6 shows how light passes through a sample in a spectrophotometer. 
Dispersion 
Entrance slit      . -::;;-
<8> 
Source 
Detector 
Figure 6. Travel of light through a spectrophotometer. Taken from http://www.gmi-
inc.com/Genlab/spec_figl%20scanning.gif. Accessed April9, 2007. 
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Enzyme assay 
Once a protein is isolated it is much easier to study. To know if the correct enzyme has 
been isolated it is useful to conduct a protein assay to determine the activity of an enzyme. The 
activity is the "the amount of reaction that a certain amount of enzyme will produce in a specific 
period of time". 14 In a protein assay a substrate is added to an enzyme and the amount of product 
produced or the amount of substrate consumed in a certain period of time is measured. The 
activity of an enzyme should be directly proportional to its concentration. For example, in order 
to measure in the enzyme activity ofPGI a researcher could add the substrate fructose-6-
phosphate to a PGI sample and then use a spectrophotometer to measure how much glucose-6-
phosphate is being produced. 
Determining molecular weight of a protein 
Another study that can be done on isolated proteins is to determine the protein's 
molecular weight. This is often done through a technique called polyacrylamide gel 
electrophoresis (PAGE). Electrophoresis subjects charged molecules to an electric field and 
tracks their movement through the electric field. A protein must first be unfolded or denatured 
by placing the sample in a boiling water bath. Next, the sample is usually mixed with a buffer 
that contains a detergent called sodium dodecylsulfate (SDS) which gives the now-linear amino 
acid chain a negative charge. Buffer solution will also contain mercaptoethanol which aids in 
denaturation as well as a tracking dye to help the researcher visualize the protein's movement 
through the electric field. A known standard and the samples to be studied are placed into 
individual wells in a thin slab of polyacrylamide gel. The gel is covered with electrophoresis 
buffer and then connected to electrodes and a voltage source. The cathode is the negatively 
charged electrode located at the top of the gel and the anode is the positively charged electrode 
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connected to the bottom of the gel. Because the denatured protein has a uniform negative charge 
it will move through the gel towards the anode. The gel acts as a sieve; it slows down the 
movement of larger molecules while smaller molecules can travel through the gel at a faster rate. 
Thus, the molecular weight of proteins can be determined by comparing the distance the sample 
traveled to the distance the known standard traveled. 13 Stained proteins are visible as dark bands 
on the gel. Figure 7 shows the basic setup of an electrophoresis chamber. 
(-
' j 
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\ '- --------------------------------------
__ ,;' 
Figure 7. Set-up of electrophoresis chamber. Taken from http://matcmadison.edu/biotech/ 
resources/proteins/labManual/images/220_04_039.gif. Accessed on April9, 2007. 
All of these techniques are useful in separating and isolating proteins. These methods 
allow researchers to better study and understand molecules that otherwise would be very difficult 
to study in the laboratory setting. 
Experimental Procedures 
Fresh cauliflower was cut into small pieces and homogenized with a Bamix of 
Switzerland de luxe Universal Stabmixer. Out of 152 g of cauliflower a 1.5 volume (per weight 
of cauliflower) ofO.lM TrisHCl-lOmM EDTA, pH 7.5 buffer was added to the cauliflower in 
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order to homogenize it properly. 10 The homogenized mixture was strained through four layers of 
cheesecloth and 231 mL of liquid was obtained. This solution was centrifuged at 14,000g for 
seven minutes on a Sorvall RC-5B Refrigerated Superspeed Cetrifuge at 4 ·c. The supernatant 
was collected and solid ammonium sulfate was added to reach 40% saturation. 15 This solution 
was then placed on ice for 30 minutes. The fractioned solution was then centrifuged at 14,000g 
for ten minutes. The supernatant was kept and additional solid ammonium sulfate was added to 
reach 62% saturation. The solution was left on ice for 30 minutes and then centrifuged at 
14,000g for 10 minutes. The pellet was collected and dissolved in 25 mL of 1 OmM TrisHCl-
lmM EDTA, pH 7.5 buffer. This solution was stored in the refrigerator at 4°C. 
The next step was to prepare a chromatography column. A column 34 em in height with 
a radius of 1.5 em was used. DEAE A-50 Sephadex soaked in IOmM TrisHCI-1 mM EDTA, pH 
7.5 buffer was used to fill the column to a height of 15 em. Before the protein was added to the 
column 2 mL of 10mM TrisHCl-lmMEDTA buffer was added to the protein sample to further 
dilute the sample. The protein was added to the column and 5mL fractions were collected. The 
column was washed with 1 OmM TrisHCl-lmM EDTA; then a solution of 1 OmM TrisHCl-lmM 
EDTA-O.lM NaCl, pH 7.5 was passed through the column. At this point the column ran 
extremely slowly. Due to time restraints of the day the column was placed in the refrigerator and 
stored overnight. When the column was later removed from the refrigerator it ran much faster. 
It was washed a final time with 10mM TrisHCl-lmM EDTA, pH 7.5 buffer. A total of62 five 
mL fractions were collected and stored at 0-4°C. 
The protein concentration of column fractions was determined by measuring the 
absorbance at 280nm on a Shimadzu UV-Vis Spectrophotometer using quartz cuvettes. 12 When 
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the fractions were not in use in the spectrophotometer they were either placed on ice or kept in 
the refrigerator. 
A spectrophotometric assay at 340 nm was performed on each fraction to determine the 
enzyme activity.3 A cocktail solution was make up that contained 36.0 mL 0.111M Tris, pH 8.0 
buffer, 2.0 mL 0.01M NADP, and 2.0mL 0.0333M F-6-P. Five !J.L ofG-6-P dehydrogenase and 
2mL of cocktail solution were added to a plastic cuvette to establish a base line for activity 
readings. Then 25 !J.L of PGI sample from a fraction was added to the cuvette and its activity 
was measured at 340 nm for 90 seconds. 
Following this assay SDS-PAGE was conducted using Ready Gels from Bio-Rad 
Laboratories stored in 0.375 M TrisHCl, pH 8.8. These gels contained 10 preformed 30 IlL 
sample wells and were 8 x 10 em (width x height) and 1 mm thick. The gel was made of a 4% 
acrylamide stacking gel and a 10% acrylamide resolving gel. The Sigma Laemmli 
electrophoresis sample buffer that was used contained 4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, 0.004% bromphenol blue, and 0.125 M TrisHCl, pH 6.8. Electrophoresis 
buffer supplied by Sigma came in a concentrated form that had to be diluted I: 1 0 prior to use. 
When diluted the buffer contained 25 mM Tris, 192 mM glycine, and 0.1% SDS at a pH of 8.4-
8.6. 
Five fractions that had the highest absorbance and enzyme activity were chosen to 
run on the gel as well as one standard and crude extract. Table 1 shows the sample number and 
what each sample contained. 
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Sample # Contents 
1 crude extract 
2 fraction 29 
3 fraction 30 
4 fraction 31 
5 fraction 32 
6 fraction 33 
7 standard 
Table 1. SDS-PAGE samples 
Fifteen J.!L of each sample to be analyzed was mixed with 15 J.!L of sample buffer in separate 
eppendorf tubes. The standard protein was the exception as it already contained sample buffer; 
only 5 J.!L of standard protein were used. Samples were heated in a boiling water bath for four 
minutes and then placed on ice until ready for use. PAGE apparatus was set up and the gel was 
electrophoresed for 30 minutes at 200 volts. The gel was removed from its holding cassette and 
placed in a staining solution for 1 hour. The staining solution contained the following: 200 mL 
methanol, 50 mL glacial acetic acid, 0.50 g Coomassie Blue R-250, and 250 mL distilled water. 
The gel became a dark blue and darker blue bands could be seen in the lanes. In order to make 
the bands more visible some of the dark blue color from the gel had to be removed. This was 
accomplished by placing the gel in destaining solution for 2 hours. The destaining solution 
consisted of 200 mL methanol, 51 mL glacial acetic acid, and 250 mL distilled water. After the 
gel was removed from the destaining solution it was a much lighter blue while the bands on it 
were a dark blue. 
Results 
Figure 8 shows the correlation between absorbance at 280 nm which monitors protein 
concentration and enzyme activity at 340 nm. Tube 31 had both the maximum absorbance at 
280 nm and the maximum enzyme activity. 
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I Elution of Cauliflower PGI from DEAE A-50 Sephadex Column 
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Figure 8. Enzyme activity and absorbance of cauliflower PGI from DEAE A-50 Sephadex. 
In the SDS-PAGE gel the most bands appeared in the lane containing crude extract. The 
other lanes that contained samples from fractions 29-33 had fewer bands while the standard lane 
only had 2 faint lines. Most of the bands were visible near the bottom of the gel indicating 
bands of low molecular weight and samples that were not completely purified. 
Discussion 
The isolation procedure for PGI was shortened and designed to separate PGI from other 
proteins and cell fragments found in cauliflower. It can be concluded that the shortened 
procedure was successful due to a correlation between the absorbance and PGI enzyme activity 
of fractions from ion-exchange chromatography at fraction 31. This peak is identified as being 
PGI because absorbance and enzyme activity maximums were superimposed as can be seen in 
Figure 8. Greater absorbance is proportional to greater protein concentration and greater enzyme 
concentration is proportional to greater enzyme activity as long as it is the correct enzyme. 14 
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Figure 8 also shows a leveling off in the absorbance graph around fraction 34 and fraction 45. 
This shows that there were other proteins in the sample. Thus, the sample was not completely 
purified to where it only contained PGI. 
Great care was taken to keep the fractions at a temperature of 0-4°C at all times when 
they were not in use so they would not be affected by drastic temperature changes. Future 
research will require similar care in maintaining a constant temperature. A cold room would 
greatly help reduce temperature changes while working with PGI. Measuring absorbance and 
activity within 48 hours after elution from the column also provided fairly fresh samples so that 
the enzyme activity was not affected by age. Previous research has shown that the more time 
that passes between PGI elution and absorbance and activity reading the less likely it will be to 
obtain accurate sample readings. It is recommended that fractions be analyzed as soon as 
possible for best results. 
The SDS polyacrylamide gel did not reveal any concrete results about molecular weight 
of PGI since the standard bands were quite difficult to detect (although that does not mean that 
they were not there). This could have been due to the small amount of standard that was used or 
perhaps to the age of the standard (although it had been stored in the freezer). It was obvious 
that the crude extract had been purified quite a bit since there were fewer bands in the lanes 
containing eluted protein; however, it is likely that the crude extract was not purified completely. 
Future research will require more SDS-PAGE trials in order to fmd out more about the weight of 
PGI. 
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credit for this project is usually done as directed study or in a research class. 
NOTE-Senior Project Proposal Due Date: The senior project proposal is due in the Honors Program 
Director's office two weeks after the beginning of the semester the project will be completed. The proposal 
should be a detailed description of the Honors Project's purpose and proposed methodology. 
Keeping in mind the above senior project description, please describe in as much detail as 
you can the project you will undertake. Attach a separate sheet of paper. 
Signature of faculty advisor ~ _yt;.,(?l!!4. 
Expected date ~f completion ~ e.orrp\eLzd ""/-200& 
NOTE: An advisor's final project approval does not guarantee that the Honors Faculty Committee will 
automatically approve the project. The Honors Faculty Committee has the final vote. 
Approval to be signed by faculty advisor when the project is completed: 
This project bas been completed as planned (date) 4 -?CO(.p 
This is an "A" project __ ....;Lf~e..:5=::........---------
This project is worth 2-3 hours of credit _ __..2........,.\-\,_.0t....U""'==-"----
Advisor's Final Signature ~ ~ Date: 4 -Jo-o·"T 
Chair, Honors Committee. _____________ .Date Approved: ____ _ 
Dear Advisor, 
(1) Please write your final evaluation on the project on the reverse side of this page. 
Comment on the characteristics that make this "A" quality work. 
(2) Please include a paragraph explaining your specific academic credentials for advising 
this Senior Project. 
